Abstract: The ability of an economically cheap adsorbent material of natural origin, African breadfruit seed hull, was assessed for Cu(II) and Cd(II) ions' adsorption from aqueous solutions. The effects of adsorbent dose, particle size and initial metal ion concentrations were investigated in a batch adsorption process. The experimental data were analyzed using five two-parameter isotherm equations (i.e., Langmuir, Freundlich, Temkin, Harkins-Jura and Halsey isotherm models). Freundlich and Halsey models provided the best description for the adsorption data while the other three models gave fairly good interpretation to the experimental adsorption data. The maximum adsorption capacity corresponding to saturation of sites (qmax), obtained from the Langmuir plots, were 7.76 and 8.06 mg g -1 for Cu(II) and Cd(II) onto the unmodified breadfruit seed hull (UBSH) and 12.67 and 13.97 mg g -1 , respectively for Cu(II) and Cd(II) adsorption onto the modified breadfruit seed hull (MBSH). The experimental results showed that there was an enhancement in the removal of the metal ions by the mercaptoacetic acid-modified breadfruit seed hull.
INTRODUCTION
Pollution of our environment by heavy metals has become a developing ecological problem and is currently a big concern and a subject of many current researches [1] . Heavy metals are continuously released in large concentrations during processes like electroplating, metal finishing, metallurgical, chemical manufacturing and mining. Some of these heavy metal ions such as mercury, lead, cadmium, nickel, copper, zinc, chromium etc. have significant impact on the environment. They are greatly toxic as ions or in the form of compounds; soluble in water and are readily absorbed into living tissues. Presence of heavy metals such as chromium, cadmium, arsenic, mercury, lead, nickel and copper has been known to cause serious damaging effect to human body [2] ) have been observed to cause illness in humans and can even be fatal [3] .
Of all the conventional techniques that have been employed for toxic metals removal from aqueous solutions such as coagulation, precipitation, ionexchange, electrochemical methods, membrane processes, extraction, adsorption, etc [4, 5] , adsorption is currently been considered as the most suitable technique because of its simplicity in terms of process design and cost effectiveness. Some novel materials applied as adsorbents for removal of metal ions from solutions include: biomaterials [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , zeolites [16] , activated carbons [17] [18] [19] [20] [21] , clay materials [22, 23] , polymeric materials [24, 25] , Schiff bases immobilized on silica support [26] [27] [28] [29] [30] [31] and nanomaterials [32] [33] [34] [35] [36] [37] .
Among these adsorbents, agricultural waste materials have proven a viable option for wastewater decontamination due to their unique composition, availability in abundance, renewability, low cost, high efficiency and eco-friendliness. The present study is concerned with the removal of Cu(II) and Cd(II) ions from aqueous solutions using a common agricultural waste, the seed hull of African breadfruit. The effects of various process parameters, namely, particle size, adsorbent mass and initial metal ion concentration on the removal of these metal ions were investigated. The overall efficiencies of the modified and unmodified adsorbents were tested using different adsorption isotherm models.
MATERIAL AND METHODS

Preparation of Adsorbent
African breadfruit (Treculia africana) seed hulls were obtained from Uturu, Abia State, Nigeria. The hulls were cut into small pieces, air-dried and crushed into powdery forms using a manually-operated blender. The breadfruit seed hull meal obtained was further dried in the oven at 50 o C for 12 h. Afterwards, it was removed from the oven and sieved through different sieve sizes, 250, 425 and 600 μm mesh screens.
Activation of Adsorbent
The breadfruit seed hulls in different particle sizes were further soaked in dilute nitric acid solution (2% v/v) overnight at a temperature of 29 o C. After 24 h, the meal was filtered through a Whatman No. 41 filter paper and rinsed with deionized water and airdried. The adsorbent was dried again in the oven at 105 o C for 6 h. After drying, the hulls were divided into two parts; one part was used for adsorption studies without chemical modification (i.e. the unmodified breadfruit seed hull) and was labeled as UBSH while the second portion was modified by the introduction of thioglycolic acid (i.e. the modified breadfruit seed hull labeled as MBSH).
Modification of Adsorbent
The African breadfruit (Treculia africana) seed hull was thiolated by the method reported by Okieimen and Okundaye [38] . Specifically, a 25 g sample of the activated breadfruit seed hulls was thiolated with 250 mL of 1.0 M solution of thioglycollic acid for 24 h at 29 o C. The mixture was filtered after 24 h, washed with deionized water and then with methanol. It was finally washed with deionized water and dried at 50 o C for 12 h. This thioglycolic acid modification process led to the thiolation of the hydroxyl groups of the cellulosic biomass by the following reaction:
Biomass-OH + HSCH2CO2H → Biomass-SH +
CH3CO2
-+ H + The degree of thiolation was estimated titrimetrically by reaction of the thiolated hull with iodine and back-titration of the unreacted iodine with sodium thiosulfate solution. The degree of thiolation obtained from the titration work is 2.71%.
Preparation of the Adsorbates
All reagents used were of analytical grade and were used as purchased without further purification. Doubly-distilled and deionized water was used in the preparation of all sample solutions. Stock solutions of Cu 2+ and Cd 2+ of 1000 mg L -1 concentrations were prepared by dissolving known amounts of copper nitrate [Cu(NO3)2.6H2O] and cadmium chloride (CdCl2) respectively in 1000 mL of deionized water. From the stock solutions, working solutions (aliquots) of 10mg/L -80 mg L -1 (initial concentrations) of each metal ion were prepared by serial dilution.
Sorption Studies
Sorption studies for Cu 2+ and Cd 2+ were carried out for each adsorbent (UBSH and MBSH respectively) at pH 6, temperature, 30 o C, and at the varying initial concentrations by transferring 50 mL standard solution of each metal ion into five 250 mL Erlenmeyer flasks. An accurately weighed sample of 1 g of each adsorbent was weighed into each of the flasks and agitated for 2 h to attain equilibrium. An X21 -0014 KERN 770 -15 analytical balance, made in Germany, was used. The balance measures to an accuracy of 0.0001g.
At the end of the equilibration time, each flask was filtered rapidly and the filtrates were collected into various sample bottles. The residual (equilibrium) concentration of the filtrates of each metal solution was analyzed using UNICAM 969 solar atomic absorption spectrophotometer (AAS).
Data Analysis
Experimental readings were carried out in triplicates and the average of each reading was used in the calculations. The amount of Cu 2+ and Cd 2+ from each metal solution adsorbed at equilibrium was computed using mass balance equation as shown in equation (1):
where qe is the amount of metal ion adsorbed at equilibrium i.e., sorption capacity in mg/g; Co is the initial metal ion concentration (mg L -1 ); Ce is the metal ion concentration at equilibrium, i.e., the final concentration of metal ion in solution after adsorption (mg L -1 ); V is the volume of the initial metal ion solution used which is constant (50mL) and m is the mass of adsorbent used (i.e. 1 g).
RESULTS AND DISCUSSION
Effect of particle size
Figs. 1 and 2 show that the adsorption capacity of the metal ions decreased with increase in particle size from 250 μm to 600 μm for both metal ions onto the two adsorbents. However, maximum adsorption capacities for the two metal ions by the adsorbents occurred at a particle size of 250 μm at a constant pH 5 and at an initial concentration of 100 mg L -1
. The higher percentage adsorption with smaller particle sizes may be attributed to the fact that smaller particle sizes provide a larger surface area. The high rate of adsorption by adsorbents with smaller particle sizes had been generally attributed to the availability of more adsorption sites resulting from increase in specific surface areas of the adsorbents. Results further show that the mercaptoacetic acid-modified surface exhibited a greater adsorption for the metal ions than the unmodified breadfruit seed hull. The equilibrium time was also found to remain unaffected by the change in adsorbent particle size. 
Effect of Adsorbent Dose
To investigate the effect of adsorbent dosage (mass), the adsorption of the metal ions, Cu(II) and Cd(II) onto the unmodified and modified African breadfruit seed hull was measured at four different adsorbent concentrations (1, 2, 5 and 10 g L −1 ) for initial metal ion concentration of 100 mg L −1 . The removal efficiencies of the metal ions by the adsorbents are shown in Figures 3 and 4 [41] . Figs. 3-6 show in general that the percentage removal of these metal ions increased with increasing adsorbent dosage while the amount adsorbed per unit mass decreased and became almost constant at higher dosage > 2.0 g/L. The increase in percentage removal of these heavy metals with increasing adsorbent dose is due to the greater availability of the exchangeable sites or surface area while the decrease in adsorption uptake with increasing adsorbent dosage is mainly due to the unsaturation of adsorption sites through the adsorption reaction. 
Adsorption Isotherms
Adsorption Isotherms relate the amount of metal ions adsorbed at equilibrium per unit mass of the adsorbent, (mg g -1 ), to the concentration of the metal ions, Ce (mg L -1 ). The Langmuir, Freundlich,Temkin, Harkins-Jura and Halsey isotherm models have been employed in this study to interpret the adsorption data.
The Langmuir Isotherm
The Langmuir isotherm may be represented as follows:
Where qe is the adsorption capacity in mg of adsorbate per gram of adsorbent, Ce is the equilibrium metal ion concentration in solution, qmax is the maximum adsorption capacity corresponding to monolayer coverage and KL is the Langmuir Isotherm constant.The linear form of the Langmuir isotherm equation aids in the evaluation of the maximum adsorption capacity (qmax) corresponding to monolayer coverage (or site saturation) and the Langmuir constant, KL of the adsorption process and is represented as: The low correlation coefficients (R 2 values) obtained showed that the Langmuir isotherm does not give a perfect fit for the adsorption data. The qmax values obtained for the metal ions on the adsorbent showed a greater removal for Cd(ll) than Cu(ll) and also showed that the modification of the adsorbent by thioglycollic acid further showed an enhanced removal due to the incorporation of thiol group (-SH) into the adsorbent surface (Table 1 ).
The essential characteristics of the Langmuir isotherms can be expressed in terms of a dimensionless quantity called separation factor (or equilibrium parameter) RL, defined as [42] 
where KL is the Langmuir constant and C0 is the initial concentration of the metal ions (mg L -1
). The RL values indicate the shape of the isotherm. According to McKay et al. [43] , RL values between 0 and 1 indicate favourable adsorption, while RL value equal to 0 indicate irreversible adsorption, RL = 1, linear and RL> 1 indicates unfavourable adsorption.
The values of RLobtained for the adsorption of the two metal ions; Cu(II) and Cd(II) by the adsorbents were all less than unity (Table 1) indicating that the isotherms were favourable under the conditions of this study. 
The Freundlich Isotherm
The Freundlich model was introduced to study the adsorption intensity of the adsorbates towards the adsorbents. The linear form of the Freundlich adsorption isotherm is expressed as:
where KF and n are Freundlich constants. The plots of ln qe vs ln Ce yielded straight lines with high correlation coefficients thus indicating the fitting of the adsorption data into Freundlich isotherm (Figures 9 and 10) . The constants KF and 1/n were calculated from the intercept and slope of the straight line plots and are presented in Table 2 . Kf depicts the ease of removal of the adsorbates, (Cu 2+ and Cd
2+
) from aqueous solutions. The n values give information on the favourability and capacity of the adsorbent/adsorbate system and values between 1 and 10 have been found to depict favourable adsorption conditions [44] . The values obtained in our study (Table 2) system. According to Anusiem et al. [44] , the fit of experimental adsorption data to Freundlich model shows that the mode of adsorption of the metal ions by the adsorbents follows physical adsorption. The high R 2 values obtained in our study show a fit of the experimental data into Freundlich model. 
Temkin Isotherm
The Temkin isotherm model is a vital tool for estimating the adsorption heat and is evaluated using the following equation [45, 46] :
where the constant = / is related to the adsorption heat, is the gas constant (8.314 J/mol K), (K) is absolute temperature in Kelvin, ( Table 3 . The lower R 2 values as compared to Freundlich isotherm suggest that the Temkin isotherm model gave a fairly good description for the experimental data. The values of adsorption heat for the metal ions on both unmodified and thiolated surfaces ranged from 1.314 kJ mol -1 to 2.202 kJ mol -1 (Table 3) . 
Harkins-Jura Isotherm model
Harkins-Jura isotherm model mainly describes the multilayer adsorption and the existence of the heterogeneous pore distribution in the surface of adsorbents.
The Harkins-Jura isotherm equation is usually expressed as [45, 46] : Table 4 . It can be observed from Table 4 that the low 2 values signify a poor fit of the isotherm model to the experimental adsorption data. This result reveals that Cu(II) and Cd(II) adsorption on the adsorbents did not involve a multilayer adsorption. 
Halsey Isotherm Model
Halsey isotherm model can be used to evaluate the multilayer adsorption system for metal ions adsorption at a relatively large distance from the surface and is expressed as [47] :
Where and are the Halsey constants, which can be evaluated from the slope and the intercept of the linear plot of ( ) versus ( 2 ) of the five examined isotherm models, revealed that the Freundlich and Halsey isotherm models gave much better fitting than the other three isotherm models (i.e., Langmuir, Temkin and Harkins-Jura isotherms). Consequently, the adsorption behaviors of Cu(II) and Cd(II) ions on both surfaces can be well described using these two isotherm models. 
CONCLUSION
In this present investigation, the effects of adsorbent particle size, adsorbent dose and initial metal ion concentrations were studied. The results generally showed an increase in percentage removal and a corresponding decrease in adsorption capacity with increase in adsorbent dosage. Results further show an increase in adsorption capacity as the adsorbent particle size decreased. Mercaptoacetic acid modification of the adsorbent led to further enhancement in the removal efficiency of the metal ions by the adsorbent. Five different isotherm models viz; the Langmuir, Freundlich, Temkin, Harkins-Jura, and Halsey models were applied to the experimental data. The Freundlich and the Halsey models gave the best description for the adsorption data while the other three isotherm models gave a fairly good description for the experimental data. Fitting of the adsorption data into Freundlich model shows that the forces of adsorption may follow the physical mode. The adsorption heat calculated from the Temkin isotherm equation was restricted within 1.314-2.202 kJ mol -1.
Results obtained from this study clearly showed that the adsorbent showed a better removal for Cd(II) than Cu(II) ions from the aqueous solutions. Chemical modification of the adsorbent further enhanced the adsorption capacity. This study has shown that the use of Treculia africana for adsorption of Cu(II) and Cd(II) ions is technically feasible and eco-friendly. 
